Data Sources and Methods of Analysis
Types and sources of data used in the data analysis are listed in table 1. Emissions data for sulfur and nitrogen compounds were obtained from the U.S. Environmental Protection Agency National Emissions Inventory. Data describing the chemical composition of atmospheric deposition (wet and dry) were obtained from the National Atmospheric Deposition Program (NADP) and the USGS Rocky Mountain Snowpack Network ( fig. 2 ). Climate data (air temperature and precipitation amount) were obtained from the National Resources Conservation Service Snow Telemetry network. Waterchemistry data were obtained from the Forest Service Air Resource Management program for 64 lakes in Colorado, Idaho, Utah, and Wyoming ( fig. 1 ). Trends were computed using the nonparametric seasonal Kendall test and a modification referred to as the regional Kendall test (Helsel and others, 2006) . 
Major Findings
on several large powerplants. In contrast to SO 2 , nitrogen oxide (NO x ) and ammonia (NH 3 ) emissions largely are from mobile and nonpoint sources, such as vehicle emissions, oil and gas exploration and production, and agricultural activities. Emissions from anthropogenic activities are the main sources of sulfur and nitrogen contaminants reaching remote aquatic ecosystems in the Rocky Mountain region (Peterson and others, 1998; Burns, 2004) . Sulfur dioxide (SO 2 ) emissions are almost entirely from stationary sources and have declined in the Rocky Mountain region (Arizona, Colorado, Idaho, Montana, New Mexico, Utah, and Wyoming) by nearly 50 percent since the mid-1990s ( fig. 3 ) as a result of emissions controls placed Decreases in sulfate deposition were apparent across the Rocky Mountain region since the early 1990s. Sulfate concentrations in wet deposition decreased at 21 of the 23 high-elevation NADP stations ( fig. 4) . Percent declines at individual NADP stations ranged from 22 to 65 percent and averaged 43 percent, which is similar to the total reduction in SO 2 emissions of 46 percent, providing strong evidence that precipitation chemistry is changing as a result of improvements in regional air quality. Because SO 2 is converted to sulfuric acid in the atmosphere, the expectation is that declines in sulfate may be accompanied by declines in precipitation acidity. At 15 of the 23 NADP sites, there also were significant decreases in hydrogen-ion concentrations, suggesting a reduction in the acidity of precipitation also is occurring. Sulfate concentration trends were slightly weaker at snowpack than at NADP sites with only 30 percent of snowpack sites having statistically significant downward trends. Trends in sulfate deposition in the Rocky Mountain region are consistent
How have sulfur and nitrogen emissions changed in the Rocky Mountain region?
Sulfur emissions have declined in the region by nearly 50 percent since the mid-1990s. Declines in nitrogen emissions have been more modest (around 25 percent) over the same period but are projected to increase substantially by 2018.
Sulfate deposition to high-elevation areas has decreased throughout the region as a result of reductions in SO 2 emissions. Nitrate deposition did not change substantially whereas ammonium deposition was found to be increasing, particularly at sites close to urban and agricultural areas.
Have emission reductions affected sulfur and nitrogen deposition to high-elevation areas?
with studies in the Eastern United States that have attributed declines in precipitation sulfate to emissions reductions established under the 1990 Clean Air Act Amendments (Driscoll and others, 2003; Stoddard and others, 2003; Burns and others, 2006) .
Trends in nitrogen species (nitrate and ammonium) were not as widespread as those observed for sulfate. About onehalf of NADP stations showed upward trends in ammonium concentrations, and only one station showed a downward trend in nitrate. The largest increases in ammonium concentrations Snowpack sites showed a lack of trends for nitrate and also for ammonium, with only 2 out of 48 stations having upward trends. When snowpack sites were analyzed as a group, however, significant upward trends in ammonium were detected for the Rocky Mountain region, consistent with NADP stations. Trends in nitrate and ammonium deposition appeared to be inconsistent with emission trends; however, due to the high degree of uncertainty associated with available emission inventories, it is difficult to make a direct comparison at this time. 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 Year 200 Despite widespread declines in sulfate deposition, decreases in lake-water sulfate concentrations were only observed for lakes in the Zirkel/Flat Tops Mountains ( fig. 7) . Sulfur isotopic data indicate lake-water sulfate in these two areas is dominated by deposition sources, indicating that lake chemistry in these areas is responding to regional reductions in SO 2 emissions and atmospheric sulfate deposition. About one-third of lakes had significant upward trends in sulfate concentrations, which were opposite to the trend in deposition. Increasing lake-water concentrations were partly explained by a decline in precipitation between 1995 and 2002, which may have increased groundwater sources to some lakes. The increase in air temperature also may have been a factor. Warming in alpine areas might increase rates of mineral weathering or cause enhanced melting of ice features, such as permafrost, rock glaciers, and glaciers.
How has climate varied in the region?
Air temperatures have been increasing since the early 1990s in mountainous areas, whereas no long-term change was evident for precipitation.
How have high-elevation lakes responded to changes in deposition and climate?
Despite widespread declines in sulfate deposition, fewer than 20 percent of lakes appeared to be responding to the deposition trend. About one-third of lakes showed increasing sulfate concentrations, which was attributed to climate-related factors. reaching an early stage of nitrogen saturation, and nitrate may be starting to leach to surface water. Short-term spikes in nitrate concentrations were observed at some lakes following a regional drought in 2002. This response may indicate that changes in climate, such as increased frequency of drought, could exacerbate the effects of nitrogen deposition on highelevation lakes.
Few trends were detected in lake-water nitrate because concentrations at most lakes were at or near the analytical reporting limit during the growing season owing to biological uptake. Four lakes in Colorado east of the Continental Divide showed upward trends in nitrate concentrations, which might reflect a response to increases in atmospheric ammonium deposition. Alternatively, some high-elevation areas may be Regardless of the mechanisms, climate-induced chemical changes will confound the ability to detect the response of highelevation lakes to future changes in anthropogenic emissions of sulfur and nitrogen. Such climate-related effects need to be taken into consideration by resource managers when evaluating new emission sources, as well as in the development and application of critical loads for managing sulfur and nitrogen air contaminants.
Conclusions and Implications
• As a result of efforts to reduce SO 2 emissions from large point sources, sulfate and acidity in precipitation are decreasing in high-elevation areas of the Rocky Mountains. In response, sulfate concentrations declined in lakes with no internal sulfate sources, indicating emission control programs have had a positive effect on AQRVs in the most sensitive areas.
• Although there were widespread declines in sulfate deposition, about one-third of the study lakes showed upward trends in sulfate concentrations. • In contrast to sulfate, deposition trends for nitrogen species were not as widespread. Ammonium deposition appeared to be increasing in the region, particularly at sites closest to urban and agricultural areas. Surface-water nitrate was less than analytical reporting levels at most lakes, indicating atmospherically deposited nitrogen is still largely retained by aquatic and terrestrial biota. However, several lakes east of the Continental Divide in Colorado showed evidence of increasing nitrate concentrations, perhaps indicating that these sensitive watersheds are beginning to respond to years of prolonged deposition by exhibiting symptoms of nitrogen saturation. Many of these systems may be at or near the tipping point or critical load for nitrogen, and continued monitoring will be critical for detecting any changes in water quality that might negatively affect aquatic biota.
• Continued monitoring of atmospheric deposition is a key component of understanding the effects of air contaminants on lakes and other AQRVs. Although the National Atmospheric Deposition Program (NADP) provides year-round monitoring at 250 sites nationally, high-elevation sites are sparse. The USGS Rocky Mountain Snowpack Network (RMSN) provides substantially greater geographic coverage of the Rocky Mountain region ( fig. 2) . The high-elevation snowpack is important because it accumulates 2-3 times the annual precipitation compared to low-elevation sites. Further, snowpacks provide a more complete estimate of wintertime deposition because they capture wet and dry deposition. Continuation of both networks (NADP and RMSN) is needed to effectively monitor deposition chemistry in high-elevation areas.
• The response of surface-water chemistry to environmental change often is difficult to evaluate because of the scarcity of long-term monitoring networks. Long-term records provide the foundation for understanding trends in ecological responses (Stoddard and others, 2003) . There are few continuous waterquality records for high-elevation lakes in the Western United States, and the Forest Service dataset provided a unique opportunity to analyze air pollution effects for the Rocky Mountain region. Continued monitoring of these lakes is critical in assessing the success of present and future air contaminant control measures on the condition of AQRVs in federally protected wilderness areas.
